A shape memory piezoelectric actuator can be fabricated by controlling the electrical imprint field of a ferroelectric material. In this study, we report the permittivity memory effect for the position detection of a shape memory piezoelectric actuator. To measure the bias field dependent permittivity of the shape memory piezoelectric actuator, a low-amplitude and high-frequency sinusoidal wave was superimposed on the driving voltage of the actuator. Under pulsed voltage operation, the actuator demonstrated the strain and permittivity memory effects depending on its polarization state. Each permittivity corresponded to its strain condition; this indicates that the shape memory piezoelectric actuator can be operated as a self-sensing actuator.
Ferroelectric materials such as lead zirconate titanate (PZT) and lithium niobate have various applications, because of their multifunctional properties. For example, by using polarization orientation as 1-bit information, these materials have been intensively studied for application in ferroelectric random access memories (FeRAMs).
1) The utilization of their piezoelectric properties has led to the wide use of piezoelectric actuators for various applications. 2, 3) Particularly, in recent years, ferroelectric materials have been expected to be applied in micro-electro-mechanical system (MEMS) devices because of their simple structure and high energy density. However, there are some serious problems with the application of MEMS devices in small wireless communication systems. [4] [5] [6] Piezoelectric actuators require high input voltage and continuous driving voltage to maintain certain piezoelectric displacement, making it difficult to achieve low energy consumption.
In our previous study, 7) we proposed and demonstrated a shape memory piezoelectric actuator that could maintain certain piezoelectric displacement with no driving voltage. Its principle of operation is based on the control of electrical imprint field. Moreover, it achieves low energy consumption with pulse voltage operation.
However, the memory effect induced by an electrical imprint field affects not only piezoelectric strain, but also permittivity. In this study, the permittivity memory effect of a shape memory piezoelectric actuator is examined for use in position detection.
The principle of memory effects induced by an electrical imprint field is shown in Fig. 1 . Conventional piezoelectric actuators have their multifunctional properties that are symmetric to the voltage axis (butterfly hysteresis curve), because of the perfect reversal of polarization. Therefore, they only have one stable strain condition and one permittivity, regardless of the polarization state. However, there are some reports on asymmetric butterfly curves caused by an electrical imprint field. 8, 9) With an electrical imprint field, a ferroelectric hysteresis curve shifts to the voltage axis. Similarly, butterfly curves for strain and permittivity also shift to the voltage axis, producing asymmetric butterfly curves. With asymmetric butterfly curves, the actuator has two distinct strains and permittivities, depending on the polarization state.
In this study, the permittivity memory effect is proposed for use in the position detection of a shape memory piezoelectric actuator. The permittivity of piezoelectric actuators, such as PZT and lithium niobate, has nonlinearity and hysteretic properties, because such actuators are classified as ferroelectric materials. Permittivity is defined as the differential value of electrical displacement with respect to the electrical field; it can be calculated from the relationship between the current amplitude and applied voltage using
where " is the permittivity, I is the amplitude of the induced current, d is the thickness of the piezoelectric material, f is the frequency of the permittivity detection voltage, " 0 is the electric constant, S is the area of the piezoelectric material, and V is the amplitude of the permittivity detection voltage.
To measure the permittivity change due to the driving voltage, a low-amplitude and high-frequency sinusoidal wave (permittivity detection voltage) is superimposed on the driving voltage of an actuator. The amplitude of the permittivity detection voltage must be as small as possible in order to not affect piezoelectric displacement. The frequency should be high, because the current signal is proportional to the permittivity detection voltage frequency. At the same time, high-frequency has little effect on piezoelectric displacement, because it is difficult for the actuator to respond to high-frequency signals. To measure current amplitude, a lock-in amplifier was utilized, which detects the current amplitude excited by the permittivity detection voltage at a frequency f . A diagram of the measurement principle is shown in Fig. 2 .
To measure the bias-field-dependent permittivity of the shape memory piezoelectric actuator, a PZT unimorph type actuator was used. This actuator was supplied as a bimorph type (Nihon Ceratec LPD3713); however, the lead wire connecting two PZT layers was cut to produce a unimorph actuator so as to simplify the operation. The actuator consists of a metal plate (0.2 mm thick, 37 mm long, and 13.4 mm wide) sandwiched by two PZT layers (0.2 mm thick, 28 mm long, and 13.4 mm wide) with a total thickness of 0.6 mm. The operating voltage was applied from a function generator (NF WF1946) with two output channels. The driving voltage (high-amplitude and low-frequency triangular wave) was from CH1, and the permittivity detection voltage (lowamplitude and high-frequency sinusoidal wave) was from CH2. The voltages were superimposed on and applied to the actuator through a voltage amplifier (NF 4010) with this additional function. One end of the actuator was clamped and its piezoelectric displacement was measured using a laser displacement sensor (Keyence LC2400). Simultaneously, ac current amplitude was detected from a current probe using a lock-in amplifier (SRS SR530) with a reference signal of the permittivity detection voltage (CH2). Permittivity was then calculated from current amplitude with the actuator's dimensions, and the amplitude and frequency of the permittivity detection voltage.
To apply the memory effect, an electrical imprint field was induced in the actuator with 700 V dc voltage applied to the top electrode of the actuator by heating at 150 C for 4 h in an electrical oven (Yamato DKN302). Butterfly curves of strain and permittivity were then measured with a 150 V op triangular voltage at 0.25 Hz used to drive the actuator, in addition to a 1.5 V op sinusoidal wave at 100 kHz used to detect permittivity. These butterfly curves were measured with continuous driving. Their hysteresis shapes changed gradually; however, they were stabilized after some driving period. A study of long-term fatigue characteristics is on under going way.
The measured butterfly curves are shown in Fig. 3 . Not only piezoelectric strain, but also permittivity, with two distinct values at a 0 V electrical field, showed an asymmetric curve depending on the polarization state. Thus, it was confirmed that the permittivity memory effect, in addition to the strain memory effect, was induced by the electrical imprint field. The piezoelectric displacement measurement clarified that permittivity detection voltage does not affect piezoelectric displacement due to its small amplitude and high frequency.
Pulse operation was attempted with this shape memory piezoelectric actuator. Positive and negative pulse voltages with an amplitude of 150 V and a width of 100 ms were alternately applied. Permittivity detection voltage was simultaneously applied: a 1.5 V op sinusoidal wave at 100 kHz. The results are shown in Fig. 4 . The shape memory piezoelectric actuator showed two distinct stable strains and permittivities. These values correspond to the values of their asymmetric butterfly curves at a 0 V electrical field, as shown in Fig. 3 . Moreover, as shown in Fig. 4 , each permittivity with a 0 V electrical field corresponds to each strain condition. This indicates that by measuring permittivity, the strain condition can be detected without the use of other sensors, except for the actuator itself, that is, selfsensing operation is achieved.
In conclusion, a method of measuring the permittivity dependency on bias electrical field was proposed and demonstrated using a shape memory piezoelectric actuator. By measuring an asymmetric butterfly curve, the shape memory piezoelectric actuator also exhibited a permittivity memory effect. With pulse voltage operation, the shape memory piezoelectric actuator showed two distinct permittivities, depending on the polarization state with a 0 V electrical field. Each permittivity with a 0 V electrical field corresponded to the strain condition. With this result, it was confirmed that a shape memory piezoelectric actuator could operate as a selfsensing actuator by measuring its own permittivity. 
